Abstract-Phonocardiograms (PCG) Phonocardiograms (PCG) are recordings of the acoustic waves produced by the mechanical action of the cardiac system. This makes PCG an effective method for tracking the progress of heart diseases. A PCG signal, in the healthy case, consists of two fundamental sounds s 1 and s 2 . These two elements are derived from the mechanical functioning of the heart. A triple rhythm in diastole is called a gallop and results from the presence of a heart sound s 3 , s 4 or both. An Extra Heart Sound (EHS) may not be a sign of disease. However, in some situations it is an important sign of disease, which, if detected early, could save lives. The major aim of this study is to propose cyclostationary and Gabor kernel based mathematical model for extra heart sounds. The ambition behind it is to present a framework, making use of cyclic statistics for robustness to low SNR conditions, which allow the detection of EHS s 3 and s 4 and hence the early identification of some heart diseases. For this reason, the proposed model is compared with the one of normal PCG signal [17] in order to set up the differences allowing the early detection of EHS. Lastly, this research is proved on experimental data sets.
I. INTRODUCTION
The analysis of cardiac signals by auscultation, based solely on human hearing, remains insufficient for a reliable diagnosis of heart diseases and for a clinician to obtain all qualitative and quantitative information about cardiac activity. This information such as the temporal location of the heart signals, the number of their internal components, their frequency content, the importance of diastolic breaths and systolic devices can be studied directly on the Phonocardiogram (PCG) signal by the use of signal processing techniques. PCG is an effective method for tracking the progress of the patient's diseases. Auscultation has long been important for the heart diagnosis. Heart sounds heard by a stethoscope can be seen as mechanical instructions that indicate the functioning of the cardiac system. A PCG signal, in the healthy case, consists of two fundamental sounds s 1 and s 2 as shown in Fig. 1 which are derived from the mechanical functioning of the heart. The heartsounds1, corresponding to the beginning of the ventricular systole, is due to the closure of the atrio-ventricular valves. Where the heart sound s 2 , marking the end of the ventricular systole and signifying the onset of the diastole, corresponds to the closure of the aortic valve and the pulmonary valve. It is well known that s 1 and s 2 are defined as non-stationary signals, and are located in the low frequency range, approximately between 30 Hz and 75 Hz [5, 10, 14, 15, 17, 18] . A triple rhythm in diastole is called a gallop and results from the presence of a heart sound s 3 , s 4 or both. In particular, the third heart sound s 3 appears in early diastole, 120 to 180 ms after s 2 , whereas, the fourth heart sound s 4 appears in presystolic portion of diastole. The frequency of s 3 is between 30 and 50 Hz. s 4 is low frequency with respect to s 3 with frequency between 20 and 30 Hz. The frequencies can occur only under very precise conditions (Childhood or old age as signs of any pathology) [2, 11] . It should be noted that s 3 and s 4 have significantly smaller amplitudes and low frequencies with respect to the normal signals. An Extra Heart Sound (EHS) may not be a sign of disease. However, in some situations it is an important sign of disease, which, if detected early, could save lives. Unfortunately EHS cannot be correctly detected by ultrasound. Hence the need of EHS early detection approaches. Several studies have been interested in the analysis of PCG signals; however, most of them are based on the occurrence of time-frequency analysis or scale [6, 7, 8] . To the best of our knowledge, all these tools do not completely exploit the periodic behavior of PCG signals due to the functioning of the heart. As a matter of fact, the heartbeats are in the form of a series of repeated mechanical actions. The repetition is almost periodic. In other words, the vibration waves records are, in a sense, cyclostationary [1, 9, 12, 13, 16] . Hence, the need for mathematical models describing the functioning mechanism of the heart sounds is compulsory. This article aims to present a cyclostationary model for PCG signals with extra heart sounds. This model is extensively developed in order to evaluate to what extent it is adaptable to the heart functioning. The major motivation behind the new model is to introduce a framework for an accurate characterization of PCG signals with extra heart sounds and thereby an early detection of certain abnormal heart functions. For this reason, the EHS model and its 
II. MODELING OF PCG SIGNALS WITH EXTRA HEART SOUNDS
As mentioned in our previous work [17] , the Gauss kernel, which is actually a Gaussian-damped sinusoidal wave, offers the possibility, through five adjustable parameters ( , , , and )
 , to definitely recreate the shape of any heart beat. The model of (1) makes use of two Gauss kernels to represent each heart sound s 1 and s 2 . Therefore, one normal heart beat of PCG signal can be modeled with four kernels as follows ( As a matter of fact, the signal model of (1) can be extended to take into account the presence of an EHS s 3 , s 4 or both (Fig. 2 , (c, e, g)) as follows:
The binary parameter qi is introduced to control the presence of s 3 and s 4 so that Unfortunately, the model of (2), which represents a PCG signal with extra heart sounds for a single cardiac cycle, is not enough for a full characterization of the heart in a limited time. Thus, the idea of the modified model to Copyright © 2018 MECS I.J. Image, Graphics and Signal Processing, 2018, 5, 1-14 achieve a whole description is to jointly combine Gabor kernels, for modeling the shape of heart sounds and extra heart sounds, with some randomness to reproduce the fluctuations occurring in the heart functioning for every cardiac cycle. This combination leads to the model given by the following relationship:
Where  the index n stands for the cardiac cycle. The objective of this study is to make use of signal processing tools to characterize PCG and EHS signals in order to correctly distinguish and identify them. The literature of signal processing offers several tools, but in our study, we will mainly be focusing on: the Root Mean Square, the envelope and the region (which is based on cyclic spectra as shown in section3.
The first tool to be tested is Root Mean Square (RMS) in the time domain which is given as: Of course, the signals have different RMS values even close. This last point presents the main drawback of the RMS; actually additive noise can increase the RMS and then make the comparison senseless. It should be noted that the RMS presents another limitation which concerns its dependency on the person's subject of measure, as different persons with or without heart abnormality can have almost the same value. In order to make the RMS robust we need to follow its evolution for the same person. Consequently, this makes the RMS a relative and not a standard method. Another signal processing tool to test is the envelope. The envelopes of PCG and EHS signals are reported in Fig. 2 . It is clear, from Fig. 2 , that the four signals have different envelopes. Hence, we come to the conclusion that the envelope is better than the RMS, since it is an appropriate tool to differentiate between healthy PCG and each EHS. The major advantage of the envelope is the fact that it presents a unique and independent signature for a given EHS for any person. Hence, this makes the envelope a standard and independent tool.
III. CYCLOSTATIONARY ANALYSIS OF THE PROPOSED PCG MODELS WITH EXTRA HEART SOUNDS

A. 1 st -Order and 2 sd -Order Moments of t he Proposed Model
Let's examine the wide-sense cyclostationarity for the proposed model of (3) from the previous definitions.
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It should be noted that for the zero cyclic frequency i.e. The cyclic spectra of healthy and extra heart sounds are valuable source of information allowing the discrimination of its abnormality. One way to achieve this goal is to design a cyclic frequency region, for a given frequency, for each PCG or EHS signal. And any difference in the region width Tab. 2, even small, may help to identify the extra heart abnormality. This is possible since the heart sounds s 1 , s 2 , s 3 and s 4 have different frequencies. To design this region, we need to previously set a threshold for the cyclic frequencies where the cyclic spectrum is greater than the threshold which belongs to the region. Fig. 5 displays the cyclic spectra with characteristic region. Hence, the cyclic spectral autocorrelation function presents a very efficient characterization tool allowing the identification of different EHS. 
A. Realistic Synthetic PCG Signal with Extra Heart Sounds
Normal or abnormal hearts cannot be identical in terms of parameters (3) . To understand the impact of these parameters on the PCG model and to evaluate how much cyclic statistics represent a systematic signature and characteristic even for different parameters within the hearts, additional digital compilations have been done. As mentioned in section        might vary from beat to beat for each person and from one heart to another i.e. these parameters are a demonstration of the functioning of the heart, and hence a relevant mechanism to detect either healthy or abnormal hearts. The parameters for the digital compilations are summarized in Tab. 3.
Furthermore, an additive Gaussian noise is added so that the SNR is set to the desired values. The sampling frequency for the three signals is set to 1 KHz. Fig. (9, 10 and  11) show that the three real PCG signals (healthy and EHS) are well wide-sense cyclostationary. Furthermore, the 2nd and 3rd real data sets corresponds respectively to the EHS s 3 and s 4 ; and have similar time representation, envelope, cyclic frequency region and second order statistics to the corresponding synthetic signals of (3) shown respectively in Fig. (2-c) and Fig. (2-e) . In addition, the time representation and the envelope of each heart beat has Gauss-like shapes which approve the validness of the proposed model of (3). These results prove the matching of the proposed model of (3) with reality. In this study, we have developed an explicit analytical model to better describe PCG signals with extra heart sounds over several cardiac cycles. Actually any trouble in the heart functioning, namely extra heart sounds, will directly influence second order cyclic statistics since cyclic statistics are not sensitive to stationary additive noise and, thus, allow the detection and the identification of extra heart sounds. The findings of this study suggest that the tested signal processing tools, evaluated over the developed analytical model, are reliable to be used as alarms to alert cardiologists to the presence of extra heart sounds or even to suspect early heart abnormalities.
